Choline is an essential nutrient for animals and humans. Previous studies showed that supplementing the maternal diet with choline during the second half of gestation in rats permanently enhances memory performance of the adult offspring. Here we show that prenatal choline supplementation causes a 3-day advancement in the ability of juvenile rats to use relational cues in a water maze task, indicating that the treatment accelerates hippocampal maturation. Moreover, phosphorylation and therefore activation of hippocampal mitogenactivated protein kinase (MAPK) and cAMP-response element binding protein (CREB) in response to stimulation by glutamate, N-methyl-D-aspartate, or depolarizing concentrations of K + were increased by prenatal choline supplementation and reduced by prenatal choline deficiency. These data provide the first evidence that developmental plasticity of the hippocampal MAPK and CREB signaling pathways is controlled by the supply of a single essential nutrient, choline, during fetal development and point to these pathways as candidate mechanisms for the developmental and long-term cognitive enhancement induced by prenatal choline supplementation.
utrition during early development has long-lasting effects on both the physical and cognitive function in adulthood (1) . For this reason, multiple public health policies have been implemented to ensure that pregnant women consume adequate amounts of vitamins (e.g., folic acid; ref 2). Recently, choline has been added to the roster of essential nutrients for humans and adequate intake guidelines have been established for pregnant and lactating women to ensure an ample supply of choline to the fetus and neonate (2) . In animal studies, the supply of choline during gestation profoundly affects the development of the brain and cognition in adult life and during aging (3) . We previously showed that supplementation with dietary choline during the second half of pregnancy in rats leads to improved spatial memory and attention in the adult offspring and prevents their normal age-related memory decline (4) (5) (6) (7) (8) (9) . We (4, 5, 10) and others (11) (12) (13) (14) (15) (16) also observed that choline treatment during the neonatal period in rats and mice enhances cognition in adulthood. These cognitive effects correlate with enhanced hippocampal long-term potentiation (LTP), an established correlate for the cellular mechanisms that underlie learning and memory (17) . In the hippocampus, LTP N requires activation of signaling cascades, initiated in most hippocampal areas by stimulation of postsynaptic N-methyl-D-aspartate (NMDA) receptors and an increase in postsynaptic Ca 2+ concentration (18) . Several protein kinases, including mitogen-activated protein kinase (MAPK), protein kinase C (PKC), protein kinase A (PKA), and calcium calmodulin-dependent protein kinases (CAMKs), are activated during LTP and are necessary for its induction and/or maintenance (19, 20) . Prenatal choline supplementation enhances the LTP in the CA1 area of the hippocampus by decreasing the threshold of the stimulus necessary to evoke LTP (21, 22) , and this lowering of LTP threshold may be a result of enhanced NMDA receptor-mediated neurotransmission (23). In contrast, stimulus trains at the level that induces LTP in hippocampal slices from both control and choline-supplemented rats fail to trigger LTP in those from the prenatally choline-deficient rats (21, 22) .
The biochemical mechanisms of learning and memory include the receptor-activated signal transduction pathways mediated by protein kinases, such as MAPK, and transcription factors, such as cAMP-response element binding protein (CREB). MAPK activation is important for a number of mammalian learning and memory tasks, including fear conditioning (24), Morris water maze learning and retention (25, 26), and conditioned taste aversion (27) . Another protein extensively studied in relation to the role of MAPK in regulating gene expression is the transcription factor CREB, a member of a family of basic leucine zipper domain proteins. CREB is an attractive candidate for transducing neuronal activation into gene expression because, like LTP, it is activated by synaptic stimuli that strongly increase internal Ca 2+ concentration (28). MAPK can regulate the phosphorylation and activation of CREB via the activation of a member of the p90rsk family of S6 kinases, RSK2 (29). In addition other kinases phosphorylate CREB, including PKA, CAMKII, and IV (30-32). CREB has been implicated in the formation of longterm memory (LTM) in a variety of organisms including Aplysia (33), Drosophila (34), and mice (35, 36). In the Morris water maze task, CREB α∆-mutant mice, which lack the α-and ∆-isoforms of CREB, displayed profound spatial learning and memory impairments (35). In addition to evidence demonstrating that reduced levels of CREB can result in memory impairments, there are also studies indicating that higher levels of CREB facilitate memory formation. For example, overexpression of CREB in mice enhances LTP, suggesting that the levels of this transcription factor correlate with the ease of induction of LTP (37) .
Previous studies have demonstrated that prenatal availability of choline during embryonic days (E) 11-17 alters memory of adult and aged animals whereas prenatal treatment at other times is ineffective (38) . Choline-evoked changes in brain structure can be observed already at the conclusion of the prenatal treatment (i.e., E18, after treatment from E11). Prenatal choline deficiency lowers, and choline supplementation increases, the rate of cell division in the neuroepithelium of E18 hippocampus and septum, and the migration of cells from the hippocampal neuroepithelium to the dentate gyrus is reduced in choline-deficient rats (39, 40) . Moreover, an increase in hippocampal acetylcholine release was observed in prenatally cholinesupplemented rats already on P17 (41), compared with normally fed controls at the same age. These data suggest that prenatally choline-supplemented rats may show not only improved cognitive abilities in adulthood but may be capable of achieving developmental cognitive landmarks before the control animals. During early development, spatial localization abilities mature at different rates (42) . For example, rats can locate a hidden platform in a water maze task using co-occurrent proximal cues soon after they open their eyes (~15-16 days of age). However, their ability to use cues distal to the reinforced location, which requires the calculation of an unmarked location given multiple spatial coordinates, cannot be accomplished until 3-4 days later. In adult rats, performance on these two types of spatial localization tasks is dependent on different neural substrates. Hippocampal lesions disrupt performance on tasks that require relational cue navigation, whereas performance when spatial locations are directly cued is left intact (43) . Thus, it is possible that the onset of the ability to navigate using relational cues may be due to some aspect of the maturation of hippocampal function. In the current study, we show that prenatally choline-supplemented rats can utilize relational cues to navigate on P18, 3 days before the controls, consistent with this hypothesis. Moreover, we present evidence that the stimulation-evoked phosphorylation, and therefore activation, of both MAPK and CREB in the hippocampus of P18-P25 rats is enhanced by prenatal choline supplementation and impaired by prenatal choline deficiency.
METHODS

Animal subjects for behavioral studies
All experiments on animal subjects were performed in compliance with the relevant laws and institutional guidelines and were approved the IACUC at Duke University and Boston University School of Medicine. Ten male and 10 female offspring of Sprague Dawley CD strain dams (Charles River, Kingston, NY) served as subjects. Choline-supplemented dams consumed Purina rat chow and drinking water containing 25 mM choline chloride sweetened with 50 mM saccharin from the morning of E11 to the morning of E18. Control dams also consumed Purina Rat Chow ad libitum, and their drinking water was sweetened with saccharine from E11-17. However, no choline was added. The average intake of choline was 1.3 mmol per kg body weight per day in the control dams and 5.8 mmol per kg body weight per day for the cholinesupplemented group. There were no significant differences in food or water intake between groups.
At birth, pups were randomly selected from each litter such that not more than two males and two females from the same biological dam were used to form each treatment group. Pups were then randomly divided among 10 untreated foster dams to make up litters of 10 pups with approximately half choline-supplemented and half control, and half male and half female pups. The other littermates were used in different studies not reported here. To prevent within litter homogeneity, pups were randomly selected from 8 biological dams and cross fostered to at least 10 adoptive dams. Therefore, pups were treated as n's of one for statistical analysis.
Spatial and cued water maze procedures
Water-maze training was conducted when rats were 18-19 days of age, and all rats were retested 3 days later at P21-22. Ages were bracketed to allow some flexibility in day of testing for each group (e.g., half were tested at P18, half at P19). Rats were trained in either the spatial or cued version of the Morris-water maze (44) , in a manner similar to that described by Castro and Rudy (45) . The circular maze (1.2 m diameter, 0.3 m deep) was situated on the floor in the center of a 4.7 m by 4.6 m room with a variety of extramaze landmarks, such as a cart of video equipment, doors, lights, etc. The interior of the maze was white and was filled to a depth of 16 cm with tap water maintained between 26-28°C and made opaque with white, nontoxic Artista II tempera paint. A white, submerged escape platform with a height of 14 cm and a diameter of 10 cm was placed near the center of one quarter of the pool (Quadrant 4). For the "cued" training, a blue tapered cylinder or a red sphere, 7 cm in diameter, was suspended from the ceiling by clear nylon thread 0.3 m directly over the hidden platform. For "spatial" training, one cue of each type was suspended in the same manner over two quadrants not containing the hidden platform; thus, rats had to use these two cues relationally to find the hidden platform.
Within each cue condition, five control and five choline-treated rats of each sex were tested. For pretraining, each rat was placed in the pool for 60 s and assisted onto the hidden platform. The rats were then given five 60 s acquisition trials (with 5 s between trials). Each trial began when the rat was placed in a randomly selected start location, facing the wall of the pool in a quadrant not containing the hidden platform. This procedure requires rats to follow novel routes to the goal object. Rats were given up to 60 s to find the platform, and then they were allowed to remain on the platform for 15-20 s. If the rat was unable to find the platform in the allotted time, it was placed there by the experimenter and allowed to rest for 15-20 s before the beginning of the next trial. Three days later, each rat was retested following the same procedure, with the same cue(s) suspended over the same quadrant(s). Trials were videotaped, and scorers, blind to the treatment and cue condition, recorded both path length and escape latency.
Animal subjects for protein phosphorylation studies
The experiments were performed with two sets of pregnant Sprague-Dawley CD rats. Thirty-six male and 36 female offspring served as subjects with not more than 2 offspring from the same dam used on any of the postnatal days assayed. Pregnant dams were divided into three groups: choline supplemented, control, and choline deficient. The diet used was a semipurified control diet designed by the American Institute of Nutrition (AIN) 76A (Dyets Inc., Bethlehem PA): 10% casein, 10% soy protein, 20% lard, 56% sucrose, 4% salt mix W, ICN vitamin mix, and water. During days 11-17 of pregnancy, rats were fed a choline-deficient (0 mmol/kg choline), a control (7.9 mmol/kg choline), or a choline-supplemented diet (35.6 mmol/kg choline). Control and choline-supplemented animals received the same amount of choline per day as those animals used in the behavioral studies. There was no significant difference in the amount of choline consumed in the form of food vs. via drinking water (data not shown). After E17, all rats were returned to a control diet. On postnatal days (P) 18, 20, 22, and 25, the pups were killed by an overdose of CO 2 , the brains were removed rapidly and the hippocampi dissected. Each hippocampus was then cut into 300 µm transverse slices with a McIlwain tissue chopper. The slices were incubated at 37°C for 1 h in a HEPES buffered saline solution (HBS), pH 7.4, containing 135 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES.
Treatment of hippocampal slices
After the equilibration period described above, hippocampal slices were placed for 10 min at 37°C in a physiological salt solution (NaPSS), pH 7.4, containing 135 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgSO 4 , 10 mM glucose, and 10 mM HEPES (basal conditions) or in a depolarizing medium (KPSS), pH 7.4, containing 100 mM NaCl, 40 mM KCl, 1 mM CaCl 2 , 1 mM MgSO 4 , 10 mM glucose, and 10 mM HEPES, or in NaPSS containing glutamate (10 µM) or NMDA (100 µM). After these incubations, slices were frozen on dry ice.
Western blot analysis
For Western analysis, protein extracts were prepared by adding lysis buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet NP-40, 10% glycerol, 2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 1 µg/ml leupeptin, 2 µg/ml aprotinin, 2 µg/ml pepstatin] to a frozen slice, gently sonicating the slice, incubating for 15 min on ice, and briefly centrifuging to clear. The extracts were normalized for total protein content and subjected to SDS-PAGE. After being transferred to an Immoblon P membrane (Millipore), the membrane was blocked with 5% nonfat dry milk in 1x TBS containing 0.1% Tween 20 for 1 h and then was probed with primary antibody overnight.
The antibodies used included a monoclonal β-actin antibody (Sigma), a polyclonal CREB antibody (Upstate Biotechnology), a polyclonal phospho-CREB (Ser-133) antibody (Cell Signaling Technology, Upstate Biotechnology), a polyclonal MAPK antibody (Cell Signaling Technology), and a polyclonal phospho-p44/p42 MAPK (Thr202/Tyr204) antibody (Cell Signaling Technology). The antibody/antigen complexes on the blots were detected with either anti-rabbit or anti-mouse IgG peroxidase conjugates and were visualized using the chemiluminescence method (Renaissance reagent, DuPont NEN) and Kodak X-Omat AR film. The membranes were stripped in a solution containing 62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 100 mM β-mercaptoethanol for 30 min. After incubation with 5% nonfat dry milk in 1x TBS containing 0.1% Tween 20 for 1 h, membranes were reprobed with the appropriate antibodies as described above. Digitized images of immunoblots were used for densitometric measurements with NIH Image software. Densitometric values for phospho-specific proteins were normalized to either β-actin values or to nonphosphorylated protein values.
Statistical analyses
Data were analyzed by ANOVA and Tukey test using Systat software (SPSS Inc., Chicago, IL). Only statistically significant differences (P<0.05) are described in Results, and detailed statistical analyses are presented in figure legends.
RESULTS
The ability to navigate using relational cues is considered a developmental milestone signaling the onset of hippocampal function (45); thus, as a first step in our analysis, we assessed both spatial (relational) and cued navigational abilities of 18-to 22-day-old choline-supplemented and control rats. During spatial training at P18-19, choline-supplemented rats were able to use relational cues to remember the platform location during the first five trials (i.e., they significantly shortened their escape latencies with successive trials), while control rats showed no spatial learning under this condition (Fig. 1A) . When these rats were retested 3 days later on the same task, both choline and control rats shortened their escape latencies over the first five (acquisition) trials (data not shown). In contrast, at 18-19 days of age, both control and cholinesupplemented rats could learn the location of a platform that was directly cued (Fig. 1B) . Thus, prenatal choline supplementation causes an advancement, by ~3 days, in spatial (relational) navigational abilities.
Because of their role in LTP and memory, the activation of MAPK and CREB was examined in hippocampal slices from rats whose mothers were fed either a choline-supplemented, control, or choline-deficient diet in the second half of pregnancy (E11-17). On P18, 20, 22, and 25, the levels of phosphorylated MAPK and CREB in hippocampal slices, which were treated with either glutamate, NMDA, or a depolarizing concentration of KCl, were measured. The results of Western blot analysis for phosphorylated MAPK and CREB are shown in Fig. 2 . These blots are representative of those quantified in Figs. 3 and 4. There were no significant differences in nonphosphorylated MAPK or CREB levels among the three groups of rats (data not shown).
MAPK phosphorylation was stimulated by depolarization of the slices. This effect depended on age and prenatal availability of choline. In slices from control animals, depolarization increased MAPK phosphorylation twofold at P18, and this effect increased steadily, reaching fourfold at P25 (Fig. 3A) . Prenatal choline supplementation tended to cause a small increase in basal levels of MAPK phosphorylation that reached statistical significance only on P20 as compared with control animals (Fig. 3A) . Moreover, prenatal choline supplementation significantly up-regulated depolarization-evoked MAPK phosphorylation as compared with that observed in prenatally choline-deficient rats at all ages examined. Prenatal choline deficiency did not significantly affect basal levels of MAPK phosphorylation, but it severely impaired depolarization-evoked MAPK phosphorylation ( Fig. 3B and C) . Taken together the data show that MAPK phosphorylation is enhanced by prenatal choline supplementation and impaired by prenatal choline deficiency. When plotted as function of the amount of choline in the diet, MAPK phosphorylation shows a choline dose dependence in response to K + stimulation at all time points (P18 and P22 shown in Fig. 3D and E, respectively) . Similarly, the phosphorylation of MAPK in response to glutamate and NMDA stimulation was dependent on the amount of choline consumed by the mother during the second half of gestation in a dose-dependent fashion ( Fig. 3D and E) .
Prenatal choline supplementation caused a small but statistically significant increase in basal levels of CREB phosphorylation as compared with control animals at younger ages (P18, 20, 22; Fig. 4A ). In control rats, K + simulation produced a 50% increase in CREB phosphorylation above resting levels in P18 rats that rose to a 75% increase in P25 rats ( Fig. 4A and B) . K + -stimulated CREB phosphorylation in prenatally choline-supplemented slices was significantly and consistently higher than control (1.8-fold) and prenatally choline-deficient slices (2.1-fold; Fig. 4A and C) . Remarkably, prenatally choline-deficient rats showed little to no CREB activation in response to glutamate, NMDA, or a depolarizing concentration of KCl (Fig. 4) . Similar to MAPK phosphorylation, the level of phosphorylation of CREB responded in a dosedependent manner to the amount of choline available in utero ( Fig. 4D and E) . Overall, the data show that the prenatal supply of choline influences the development and magnitude of phosphorylation patterns of MAPK and CREB, two proteins critical to learning and memory.
DISCUSSION
Our behavioral data demonstrate that supplementation with choline during prenatal development advances the onset of navigational ability using spatial (relational) cues, a skill that requires an intact, functioning hippocampus (43) . At 18-19 days of age, choline-supplemented rats showed evidence of a precocious capacity for spatial navigation, whereas control rats required an additional 3 days of maturation to acquire this skill. Although we have not yet determined if prenatal choline deficiency during a limited time-frame of development actually slows the maturation of hippocampal function, we do know that early life malnutrition slows the attainment of hippocampally dependent spatial navigation (45) . Because both cholinesupplemented and control rats were able to learn the location of the hidden platform marked directly by a cue at 18-19 days of age, the performance differences observed between the two groups of animals were unlikely due to differences in the maturation of visual or swimming ability. Similarly, early life malnutrition does not interfere with cued navigation (45) . Once spatial navigational ability is acquired, prenatally choline-supplemented and control rats learn at a similar rate (5) . As adults and into old age, prenatally choline-supplemented rats outperform rats fed a control diet on tasks that assess memory capacity and precision (4) (5) (6) (7) (8) , indicating that, in addition to the advancement in hippocampal development, prenatal choline treatment causes permanent organizational changes in the brain.
To explore the biochemical mechanisms that may be responsible for the observed behavioral changes, we examined the development of activation, via phosphorylation, of MAPK and CREB. In general, prenatally choline-supplemented rats displayed enhanced phosphorylation of both MAPK and CREB after glutamate, NMDA, or depolarization-evoked stimulation. In contrast, MAPK and CREB phosphorylation was diminished in hippocampal slices from prenatally choline-deficient rats. Treatment with a depolarizing concentration of KCl revealed the most dramatic differences and the highest overall level of stimulation-evoked phosphorylation of MAPK and CREB, possibly due to the fact that depolarization with K + can induce neurotransmitter release from the presynaptic neuron, leading to activation of postsynaptic receptors, and can also initiate calcium-activated signaling events within the postsynaptic cell via the opening of voltage-gated calcium channels, whereas glutamate and NMDA target only the postsynaptic receptors. Because we found no effect of prenatal choline status on the levels of total (i.e., the sum of nonphosphorylated and phosphorylated) MAPK and CREB protein, the differences in the stimulated levels of MAPK and CREB phosphorylation among the three treatment groups of animals are most likely due to altered neuronal excitability or changes in signaling pathways that lead to protein phosphorylation, such as amount of neurotransmitter release from presynaptic neurons or the number and/or activity of postsynaptic receptors. The latter possibility is supported by the findings of Montoya et al. (23) who showed that NMDA receptor-mediated population excitatory postsynaptic potentials were elevated in slices from prenatally choline-supplemented rats relative to control animals, suggesting that prenatal choline supplementation enhances NMDA receptor-mediated neurotransmission.
Our observations that prenatal choline supplementation increased basal phosphorylation of MAPK and CREB in hippocampal slices and enhanced stimulation-evoked phosphorylation of these proteins may help explain the facilitated LTP induction seen in prenatally cholinesupplemented animals (21, 22) . Moreover, the impairment of MAPK and CREB activation in prenatally choline-deficient rats correlates well with the reported high stimulus threshold for LTP induction and frequent failure to induce any LTP in hippocampal slices from prenatally cholinedeficient rats (21, 22) .
Our findings are also consistent with the notion that CREB activation serves as a molecular switch in the biochemical pathways leading to long-term storage of memories. Opposing genetic manipulations of CREB produce opposing effects on LTM (34, 35, [46] [47] [48] [49] , and the amount of phosphorylated CREB and its transcriptional activity correlate with LTM. In rodents subjected to hippocampally dependent associative learning tasks (50, 51) , increases in the levels of phosphorylated CREB (52) and in CRE-mediated gene expression are observed in the hippocampus (51, (53) (54) (55) . Lesions of the fornix disrupt inhibitory avoidance memory (51) and reduce the increase in phosphorylated CREB levels normally associated with the task (52), suggesting that phosphorylated CREB in the hippocampus is a molecular marker of memory processing.
In summary, these data show that supplementation with the essential nutrient choline during the prenatal period causes a reorganization of hippocampal function in association with upregulation of the MAPK/CREB signaling cascade, a pathway central for memory processing. Thus, the basic biochemical mechanisms of memory are subject to long-lasting modulation by the availability of a single nutrient during critical periods in development. 18, 20, 22 , and 25 days were incubated with basal medium or a depolarizing concentration of KCl (40 mM) for 10 min. Lysates were analyzed by Western blotting with antibody specific to Thr202/Tyr204 phosphorylated form of MAPK. Band intensities were quantified by densitometry, and β-actin levels were used to standardize for loading as described in Methods. Phosphorylated MAPK levels are means ± SE of 6 subjects from each experimental group. Data were analyzed by 3-way ANOVA with choline treatment, [K + ], and age as factors. Entire data set is presented in A-C to facilitate viewing of relevant comparisons. There was a significant effect of choline availability (P<0.0001), treatment with K + (P<0.0001), and age (P<0.0001). There were also significant interactions between age and K + treatment (P<0.0005) and between choline availability and K + treatment (P<0.05). K + -induced phosphorylated MAPK levels were significantly lower in prenatally choline-deficient rats as compared with cholinesupplemented animals (P<0.05). D, E) Stimulation-evoked MAPK phosphorylation is sensitive to availability of choline in utero. Hippocampal slices from rats of postnatal age 18 and 22 days were incubated with either 10 µM glutamate, 100 µM NMDA, or a depolarizing concentration of KCl (40 mM) for 10 min. Phosphorylated MAPK levels are means ± SE of 6 subjects from each experimental group. There was a significant effect of choline on P18 (P<0.005) and P22 (P<0.001) and an overall effect of glutamate treatment on P18 (P<0.05) and P22 (P<0.01). Glutamate-induced phosphorylated MAPK levels were significantly lower in prenatally choline-deficient rats as compared with choline-supplemented animals on P18 (P<0.05) but not P22 (P=0.15). NMDA had a significant effect on MAPK phosphorylation on P22 only (P<0.001). There was a significant interaction between choline availability and NMDA treatment (P<0.05) on P22. NMDA-stimulated MAPK phosphorylation levels were significantly higher in prenatally choline-supplemented rats as compared with choline deficient at P22 (P<0.005). On both P18 and P22, there was a significant effect of K + treatment (P<0.001 and P<0.0001, respectively) and a significant interaction between K + -treatment and choline availability on P22 only (P<0.05). K + -induced phosphorylated MAPK levels were significantly higher in prenatally choline-supplemented rats as compared with cholinedeficient animals on both days (P<0.05 and P<0.05, respectively). Fig. 2 , and lysates were analyzed by Western blotting with an antibody specific to the Serine-133 phosphorylated form of CREB and quantified as in Fig. 3 . Data are means ± SE of 6 subjects from each experimental group. Entire data set is in A-C to facilitate viewing of the relevant comparisons. There was an overall effect of choline availability (P<0.0001) and K + treatment (P<0.0001); a significant interaction between choline availability and K + treatment (P<0.005) as determined by 3-way ANOVA; and no significant effect of age (P=0.65). K + -induced phosphorylated CREB levels were statistically higher in prenatally choline-supplemented rats as compared with control and choline-deficient animals (P<0.01 and P<0.005, respectively). There was no significant difference between the K + -stimulated CREB phosphorylation of control and prenatally choline-deficient rats (P=0.84). D, E) Stimulation-evoked CREB phosphorylation is sensitive to availability of choline in utero. Experiments were performed as described in Fig. 3D and E, and CREB phosphorylation was determined as described above. Overall there was a significant effect of choline availability on CREB phosphorylation on P18 and P22 (P<0.00001 and P<0.0005, respectively). On P18, there was also a significant effect of glutamate treatment (P<0.001) and a significant interaction between glutamate treatment and choline availability (P<0.05). Glutamate-induced phosphorylated CREB levels were significantly higher in prenatally cholinesupplemented rats as compared with choline-deficient animals and control animals on P18 only (P<0.01 and P<0.0005, respectively). On P18, there was a significant effect of NMDA treatment (P<0.05) and an interaction between choline availability and NMDA treatment (P<0.05). Prenatally choline-supplemented rats had a significantly higher level of NMDA-stimulated CREB phosphorylation than control and choline-deficient rats on P18 (P<0.05 and P<0.005, respectively). At both ages, P18 and 22, there was a significant effect of K + treatment (P<0.005 and P<0.005, respectively) on CREB phosphorylation. K + -induced phosphorylated CREB levels were statistically higher in prenatally cholinesupplemented rats as compared with control (P<0.005 on P18 only) and choline-deficient animals (P<0.05 and P<0.005, P18 and P22 respectively).
